Abstract Congenital deficiency of the enzyme hypoxanthineguanine phosphoribosyltransferase (HPRT) results in a spectrum of clinical phenotypes. All of these phenotypes are associated with marked overproduction of uric acid and related problems such as hyperuricemia, urate nephrolithiasis, tophi, and gout. The mildest phenotypes include only problems related to overproduction of uric acid. The most severe phenotype is known as Lesch-Nyhan disease, in which the phenotype also includes severe motor handicap, intellectual disability, and selfinjurious behavior. In between these two extremes is a continuous spectrum of phenotypes with varying degrees of motor and cognitive handicap but no self-injurious behavior. The pathogenesis of overproduction of uric acid in HPRT deficiency is well-understood, and treatments are available to control it. The pathogenesis of the neurobehavioral problems is less wellunderstood, and effective treatments for them are lacking.
Introduction
Lesch-Nyhan disease (LND) is one of several monogenic disorders with a high risk of the development of gout due to a metabolic defect that is associated with marked overproduction of uric acid [1, 2] . The classical clinical phenotype includes overproduction of uric acid, severe motor handicap resembling dystonic cerebral palsy, intellectual disability, and recurrent self-injurious behaviors. Since its original description in 1964 [3] , there has been increasing appreciation of attenuated clinical phenotypes wherein some of the features of the classical clinical phenotype are absent or sufficiently mild that they escape clinical detection.
The pathogenic processes leading to overproduction of uric acid and its consequences are now well-understood, and effective treatments are available to reduce the risk of gout and nephrolithiasis. The mechanisms leading to the neurological and behavioral abnormalities are only partially understood [4] . These mechanisms are likely to be unrelated to those leading to overproduction of uric acid, as control of hyperuricemia, even from birth, has no influence on the neurobehavioral aspects.
Spectrum of Clinical Manifestations
The classic form of LND evolves in a very characteristic fashion, with the majority of patients presenting with neurodevelopmental delay in the first year of life [5] . Poorly controlled movements along with increased muscle tone also emerge during the first year of life. These problems often worsen until 4 to 6 years of age, after which they appear relatively stable. Severe and recurrent self-injurious behaviors, such as self-biting or self-hitting, typically emerge between 2 and 4 years of age. However, in some cases, these difficult behaviors may be delayed until the late teenage years. Mild or moderate intellectual disability is also common, although severe mental retardation is unusual [6] . The overproduction of uric acid is present even at birth and can be detected by hyperuricemia or increased urinary uric acid excretion. It has been estimated that uric acid is produced at rates of at least 5 to 10 times that of healthy individuals [7] [8] [9] . However, the overt clinical consequences of uric acid overproduction often take time to develop, so patients with classic LND only rarely present with renal stones or gout as their initial clinical manifestation (Table 1) .
In addition to the classic phenotype of LND, there are attenuated phenotypes in which some clinical features may be absent or sufficiently mild to escape clinical detection [10••, 11, 12] . Classic LND is the most severe phenotype. There are intermediate phenotypes that lack self-injurious behaviours, and some of these patients may appear cognitively healthy. However, patients with the intermediate phenotypes often have some difficulty with muscle control, which may range from severe and incapacitating to only minor clumsiness or stiffness that is clinically insignificant. Patients with the intermediate phenotypes also suffer from overproduction of uric acid. The mildest phenotypes have no obvious behavioral or neurological disturbances. However, uric acid overproduction occurs in even the mildest phenotypes.
Because the behavioral and neurological manifestations are sometimes absent or very mild in the LND variants, these patients more often come to medical attention first due to complications related to uric acid, such as nephrolithiasis or gout (Table 1) . Patients with the classic phenotype are easy to diagnose because the clinical syndrome is quite characteristic. The attenuated variants with milder syndromes are much more difficult to diagnose. However, the most consistent element for all phenotypes is overproduction of uric acid, and this phenomenon often provides an important clinical clue for all the phenotypes associated with the hypoxanthine-guanine phosphoribosyltransferase (HPRT) enzyme deficiency. Evidence of overproduction of uric acid may come in the form of an unexplained elevation in serum uric acid, uric acid nephrolithiasis, gout, and/or tophi. Although these problems may be common in adult populations, their occurrence in children or young adults is unusual and should prompt work-up for a metabolic defect.
Some authors apply the eponym Kelley-Seegmiller syndrome to the LND variants, in recognition of one of the earliest descriptions of 18 patients with LND variants, only 5 of whom had neurological abnormalities [13] . However, there are several reasons to question the use of this eponym. First, its meaning has never been clearly defined. Some authors use it to refer only to the mildest expressions of the disease with overproduction of uric acid and no significant neurological features, similar to the cases in the original report. Others apply the term to any LND variant, including those with significant neurological disability but lacking self-injurious behaviors. These disparities have led to confusion regarding the meaning of this eponym. Another reason to question the eponym is that Kelley and colleagues were not the first to describe the LND variant phenotype, although they were the first to recognize that their patients shared the same enzymatic defect as classic LND. Catel and Schmidt [14] reported the clinical features of an LND variant in the German literature before the classic syndrome was recognized. The biochemical defect in this early patient was confirmed in later studies [15, 16] . Other LND variants also were reported early in the French literature [17] [18] [19] [20] . A third reason to question the eponym is that it appears that the neurobehavioral assessments presented by Kelley and colleagues were incomplete and in some cases inaccurate. Two cases were described as having a neurological syndrome resembling spinocerebellar ataxia, but subsequent evaluations of the same patients suggested this description was inaccurate [21] . Formal motor and neuropsychological testing was not conducted in the original study, and the extent of impairments was therefore underestimated. In fact, more recent studies of 47 LND variants revealed neurological or behavioral abnormalities in all but 2 after thorough evaluation [10••] . These findings suggest that the proposed phenotype of overproduction of uric acid alone with little or no neurobehavioral impairment is quite rare. Perhaps the strongest reason for questioning this eponym is that it has become increasingly clear that there is a continuous spectrum of neurobehavioral dysfunction in LND and its variants, ranging from very severe to clinically insignificant [10••] . It is not clear that having two eponyms for a disorder with a continuous spectrum of disease severity is useful, as it misleadingly implies the existence of distinct patient subgroups. Based on these considerations, we believe the eponym Kelley-Seegmiller syndrome should be dropped and replaced with the term LeschNyhan variant.
Molecular and Metabolic Basis
LND and its variants are all caused by a defect in the HPRT gene, which is located on the X chromosome [22] . The disorder is inherited in an X-linked recessive fashion, so virtually all patients are male. However, female cases may occur rarely as a result of defects involving both X chromosomes. Unlike some disorders in which one or a few mutations account for disease in many patients, the mutations in LND and its variants are quite heterogeneous, with a variety of molecular defects spread across the entire HPRT gene. There are more than 400 mutations reported to date (http:// www.lesch-nyhan.org). Included are point mutations leading to single amino acid substitutions, mutations leading to premature termination of protein translation, deletions, insertions, splicing mutations, and other more complex substitutions or rearrangements.
The mutations affect the coding of HPRT, a housekeeping enzyme that plays an important role in the recycling of purines. In general, mutations that result in null enzyme function are associated with the most severe phenotype of classic LND, while mutations that permit residual activity are associated with the attenuated variants. Some exceptions to this rule have been reported, although they may reflect an artifact of the assays used to measure the enzyme [23] .
The mechanisms responsible for overproduction of uric acid in HPRT deficiency are best understood by knowledge of de novo purine synthesis, purine salvage, and purine degradation [24] . The de novo synthesis of purines occurs through a multistep process that consumes considerable energy. An inosine monophosphate (IMP) molecule is formed in ten consecutive steps from phosphoribosyl pyrophosphate (PRPP) with the incorporation of formate, hydrogen carbonate, glutamine, and aspartic acid. Including PRPP synthesis, the synthesis of an IMP molecule consumes six adenosine triphosphate (ATP) molecules. The synthesis of PRPP from ribose-5-phosphate, glycine, and ATP is catalyzed by the enzyme PRPP synthetase, and the intracellular concentration of PRPP has been shown to influence the rate of purine biosynthesis de novo. PRPP is also required for the salvage pathways of purines and for pyrimidine nucleotide synthesis. De novo purine synthesis is mainly regulated by the enzyme amidophosphoribosyltransferase, which catalyzes the first reaction of de novo purine biosynthesis, the formation of phosphoribosylamine from PRPP and glutamine. This enzyme is stimulated by increased concentrations of PRPP and is subject to feedback inhibition by the purine nucleotides IMP, adenosine monophosphate (AMP), and guanosine monophosphate (GMP).
Purine recycling in humans is mediated by three different enzymes: HPRT, adenine-phosphoribosyltransferase (APRT), and adenosine kinase. It is estimated that 90% of free purines generated in the intracellular metabolism are recycled rather than degraded or excreted [25, 26] . Purine recycling allows for more efficient functioning of purine metabolism. HPRT recycles hypoxanthine and guanine into IMP and GMP, respectively. APRT, structurally and functionally similar to HPRT, recycles free adenine into AMP. HPRT and APRT both use the cosubstrate PRPP in the recycling reaction. The incorporation of free purine bases and nucleosides from extracellular sources also helps maintain purine pools. Dietary vegetables and animal products, through digestion, generate purines following DNA and RNA degradation. Some of these compounds are absorbed from the gut and incorporated into purines by the liver. These purine bases are exported into the bloodstream to be used by other tissues. The salvage enzymes are needed to incorporate preformed purine bases into the cellular purine pool. Thus, a salvage enzyme deficiency not only results in an inability to salvage intracellular purines, but also in an inability to incorporate purines from extracellular sources.
Purine nucleotide degradation is initiated by nucleotide dephosphorylation and nucleoside formation (adenosine, inosine, and guanosine). This process is catalyzed by 5′-nucleotidases and other nonspecific phosphatases. Inosine and guanosine, through the action of purine-nucleoside phosphorylase, are then transformed into the purine bases hypoxanthine and guanine, respectively. Finally, the purine bases hypoxanthine and xanthine are oxidized to uric acid by the enzyme xanthine oxidase. Guanine, on the other hand, is converted to xanthine by guanine deaminase or guanase. In general, the activity of these enzymes in the degradative pathways is regulated by substrate availability. In humans and primates, uric acid is the final product of purine metabolism, but in other mammals, uric acid is degraded to allantoin by the enzyme uricase.
Two main enzyme defects are responsible for uric acid overproduction: PRPP synthetase overactivity and HPRT deficiency. Enhanced PRPP synthetase activity leads to an increased availability of PRPP for PRPP amidotransferase, the rate-limiting enzyme of the novo synthesis of purine nucleotides. A defect in HPRT results in the accumulation of its substrates, hypoxanthine, guanine, and PRPP. The increased availability of PRPP for PRPP amidotransferase contributes to increase de novo purine synthesis [27] [28] [29] . HPRT deficiency also leads to a presumed decrease in the PRPP amidotransferase feedback inhibitors, IMP and GMP. This dual mechanism of increased PRPP and reduced feedback inhibition results in an increased de novo synthesis of purine nucleotides. The combination of deficient recycling of purine bases with increased synthesis de novo of purine nucleotides explains the marked uric acid overproduction in HPRT deficiency.
Mechanisms Responsible for Gout
Gout is a crystal arthropathy that involves metabolic homeostasis and renal clearance of urate along with the immunologic system. The primary cause of gout is monosodium urate crystal deposition related to hyperuricemia. Hyperuricemia may be the result of an increased synthesis of uric acid and/ or inefficient excretion by the kidneys. These two possibilities have been differentiated for decades in patients with gout by measuring urinary uric acid excretion. Increased uric acid synthesis is associated with high urinary uric acid, whereas decreased excretion is associated with low urinary uric acid.
The vast majority of patients with primary gout have decreased urinary uric acid excretion. Decreased renal excretion has been related to several renal tubular urate transporter polymorphisms, including SLC2A9, ABCG2, and others [30] . In secondary gout, decreased urinary urate excretion can result from several problems, including renal failure, hypothyroidism, volume contraction and volume depletion, acidosis, lead intoxication, and familial nephropathy due to uromodulin deposits. Some drugs can also cause iatrogenic gout with urate underexcretion, including salicylic acid, diuretics, and pyrazinamide.
Gout due to uric acid overproductions is associated with hyperuricemia plus hyperuricosuria. This association can be found in several inborn errors of metabolism, including HPRT deficiency, PRPP synthetase overactivity, and glucose-6-phosphate dehydrogenase deficiency (Von Gierke disease). Purine overproduction also has been linked to high cellular turnover (hematologic and neoplastic diseases, cytostatic treatment, and psoriasis) and increased ATP catabolism (ie, ethanol; exhausting exercise and tissue ischemia; glycogen storage disease types III, V, and VII). Finally, certain dietary excesses can contribute to gout.
Monosodium urate crystals are formed when uric acid exceeds its solubility threshold in certain tissues [31] . Monosodium urate crystals tend to precipitate in joints and periarticular tissues and engage the caspase-1-activating and the NALP3 (also called cryopyrin) inflammasome, resulting in the production of active interleukin (IL)-1β and IL-18. At the molecular level, gouty inflammation begins with phagocytic cells such as monocytes or macrophages that sense the crystals and the NALP3 inflammasome activation. The phagocytes trigger the processing and release of active IL-1β, which binds to target cells as synoviocytes and activates inflammatory transcription factors such as nuclear factor-κB. The production and release of inflammatory mediators such as neutrophil-recruiting chemokines follows. Resolution of the inflammation is in part due to the removal or dissolution of the crystals by phagocytes, anti-inflammatory cytokines such as transforming growth factor-β, and other mechanisms aimed at regulating IL-1 [32] .
A tophus is composed of monosodium urate crystals in a matrix of lipids, protein, and mucopolysaccharides. These tend to occur in the periarticular regions of cool parts of the body such as the feet and hands, but they also occur in the cartilage of the ear. Bone with tophus has altered remodeling and cellular distribution showing bone destruction. It has been reported that neutrophils, through elastase localized at their surface, induce retraction of confluent osteoblasts, and this retraction allows osteoclasts to resorb cell-free areas of the matrix.
Treatment
The best available management of uric acid overproduction in HPRT-deficient patients is blocking the conversion of xanthine and hypoxanthine into uric acid with a xanthine oxidase inhibitor [33, 34] . Allopurinol has been the traditional choice. Uricosuric drugs are not recommended, as they can aggravate nephrolithiasis by concentrating large amounts of uric acid in the kidneys and urogenital system. Although allopurinol has no effect on neurobehavioral problems, it should be started as soon as the enzyme deficiency is diagnosed to avoid gout and renal damage. In adults, or when there are substantial tissue urate deposits, combined treatment with colchicine prophylaxis or NSAIDs is required to avoid gout flares. The optimal allopurinol dose for HPRT-deficient patients has not been established. Despite the enormous overproduction of uric acid, doses typically used for more common forms of gout seem adequate. Recommended allopurinol doses most commonly begin at 5 to 10 mg/kg daily, with final total doses ranging from 50 to 600 mg/d. Allopurinol resistance appears to be uncommon, and patients who seem to respond poorly should raise concerns regarding medication noncompliance. In our experience, treatment with allopurinol results in a mean reduction of about 50% in serum urate and a 74% reduction in urinary uric acid/creatinine ratio.
In LND and its variants, inhibition of xanthine oxidase increases baseline hypoxanthine and xanthine urinary excretion about fivefold and 10-fold, respectively [7, 8] . In normal conditions, allopurinol increases HPRT-mediated recycling of hypoxanthine for nucleotide synthesis. The resultant increase in nucleotide concentration leads to feedback inhibition of de novo purine synthesis. However, in HPRT-deficient patients, hypoxanthine cannot be reutilized, and purine synthesis is upregulated. As a result, hypoxanthine levels increase and concentrations of xanthine may rise to a level exceeding its solubility, causing xanthine lithiasis. A frequent error in the management of nephrolithiasis in LND and its variants is to assume all stones forming during therapy are composed of uric acid. This assumption leads to a further increase in the allopurinol dose to prevent them [35, 36] . However, if the stones are composed of xanthine, this strategy will aggravate stone formation, and a better approach would be to lower allopurinol doses. When stones unexpectedly form during therapy, they should be collected and chemically examined. Therapy can be adjusted according to whether the stones are comprised of uric acid, xanthine, or other oxypurines.
The inhibition of xanthine oxidase with allopurinol should be accompanied by adequate hydration to avoid urinary crystal precipitation. Urinary alkalinization has been advocated to minimize the formation of uric acid stones, as uric acid is more soluble in alkaline environments [37•, 38] . Uric acid is a weak acid with a pK a of 5.75. At a physiologic pH of 7.40 in the extracellular compartment, 98% of uric acid is in the ionized form as a monosodium urate salt. In the collecting tubules of the kidneys, where pH may drop below 5.75, the predominant form is nonionized uric acid. The solubility of monosodium urate is about 18 times greater than that of uric acid in aqueous solutions. This solubility difference provides the therapeutic rationale for alkalinization of the urine pH above 6.0. Although urinary alkalinization is widely employed, its efficacy has never been formally examined.
Although xanthine calculi typically develop in acidic urine, they are less responsive to urinary alkalinization. The pK a of xanthine is 7.4. A solubility threshold of 5 mg/ dL at a pH of 5 rises to only 13 mg/dL at a pH of 7. Therefore, pH changes have only a minor influence on xanthine stone solubility. Because xanthine stones are far more difficult to dissolve than uric acid stones, we recommend titrating allopurinol doses to maintain high-normal serum uric acid levels and a urinary uric acid/creatinine ratio lower than 1.0. In our experience, when serum urate is maintained only slightly below its solubility threshold, urate deposition does not occur and xanthine lithiasis may be avoided. With strict compliance and careful monitoring of allopurinol, renal function usually remains stable or even improves. Allopurinol hypersensitivity has been described in 0.4% of patients. The higher incidence of hypersensitivity in patients with decreased renal function has prompted adjustment of allopurinol doses according to creatinine clearance. However, this procedure does not always prevent the allopurinol hypersensitivity. To our knowledge, no hypersensitivity reaction has been described in HPRT-deficient patients despite an impaired renal function.
Febuxostat is a novel non-purine inhibitor recently marketed for hyperuricemia and gout treatment [39] . Febuxostat is a potent inhibitor of the oxidized and reduced forms of the enzyme xanthine oxidase, whereas allopurinol and its active metabolite, oxypurinol, inhibit only one form of the enzyme. This difference has been postulated to account for the higher potency and long-lasting action of febuxostat. On the other hand, contrary to allopurinol, febuxostat is not a substrate of purine and pyrimidine metabolic enzymes, such as HPRT or orotate phosphoribosyltransferase, and does not inhibit purine nucleoside phosphorylase and orotidine-5′-monophosphate decarboxylase. Febuxostat is not routinely employed in HPRT-deficient patients, but it could be an alternative if allopurinol cannot be used.
In most mammals the hepatic enzyme uricase or urate oxidase transforms uric acid to a more soluble compound, allantoin. In humans, due to a mutation in the uricase gene, uric acid is the last product of purine metabolism. Rasburicase, an uricase purified from Aspergillus flavus, is employed to prevent problems related to overproduction of uric acid associated with the tumor lysis syndrome in hematologic malignancies. It is administered intravenously at doses of 0.20 mg/kg per day during a short period of 5 to 7 days. In principle, xanthine lithiasis in HPRT-deficient patients similarly could be avoided by uricase treatment. However, no long-term data are available regarding the safety of rasburicase, and it is known to be antigenic. Its short half-life (18 h) and its intravenous means of administration render it inconvenient for chronic therapy. However, rasburicase may be effective in infants with acute kidney injury. Two of our LND patients who presented with renal failure in the first months of life were treated transiently with rasburicase at established doses, followed by allopurinol treatment [40•] . In both patients, renal function improved.
Although some providers recommend a diet reduced in purines, there are no studies showing that such a diet is helpful. On the other hand, many HPRT-deficient patients have difficulty swallowing and are chronically malnourished, so dietary restrictions may be counterproductive. Until more information regarding the value of a lowpurine diet is available, most patients should follow a balanced, high-calorie diet.
Conclusions
LND and its variants are caused by reduced activity of the purine recycling enzyme, HPRT. Although patients with the classic phenotype typically present with a characteristic clinical syndrome that includes overproduction of uric acid and prominent neurobehavioral abnormalities, patients with attenuated phenotypes may be seen where uric acid overproduction may occur without obvious neurological or behavioral features. HPRT deficiency should be suspected in any young individual who presents with evidence of uric acid overproduction, such as unexplained hyperuricemia, uric acid kidney stones, or gout. Allopurinol provides a safe and effective means of treating uric acid overproduction and markedly reduces the risk of nephrolithiasis and gout.
